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Introduction 
The brain is an astonishingly complex organ that records, 
responds and adapts to experience-all the result of sim- 
ple interactions between neurons and glia. Whereas the 
neurons interconnect to form electrically active circuits, 
the role of glia is a mystery (Figure 1). Do glial cells just 
provide a passive framework that supports, nourishes, and 
insulates neurons, or, in addition, do glial cells play more 
active roles in signaling and plasticity? The importance 
of glia is suggested by their increase in number during 
evolution; glial cells constitute 25%, 65%, and 90% of 
cells in the Drosophila, rodent, and human brain, respec- 
tively. 
How can the unknown, and perhaps unimagined, func- 
tions of a cell type be determined? Studies of gliausing 
histology, immunostaining, tissue culture, and electro- 
physiology have led to a number of hypotheses about what 
glial cells do (Barres, 1991). For instance, glial cells may 
guide developing neurons and their axons to their targets, 
may promote the survival and differentiation of neurons, 
may form the blood-brain barrier, and may help regulate 
the extracellular concentrations of ions and neurotransmit- 
ters. The problem has been how to test these hypotheses 
definitively. Would it matter if there were no glia? In two 
landmark studies, the labs of Corey Goodman and of Yos- 
hiki Hotta have selectively eliminated glial cells in vivo to 
explore how the brain develops and functions without them 
(Hosoya et al., 1995; Jones et al., 1995). They have identi- 
fied a Drosophila gene, glial cells missing (gem), that en- 
codes a novel nuclear protein that is required for glial cell 
fate determination and is transiently expressed early dur- 
ing the development of nearly all glia. In the absence of 
functional GCM protein, nearly all glial cells differentiate 
into neurons, whereas ectopic expression of gem in imma- 
ture neurons or their precursor cells transforms them into 
glia (Figure 2). Thus, gem functions as a binary genetic 
switch that determines whether developing neural cells 
will become neurons or glia. Although loss-of-function ho- 
mozygousgcm mutations are ultimately lethal to thedevel- 
oping embryos, much of neural development is completed 
prior to their death, allowing a direct examination of the 
role of glia in neural development. In addition, mutation 
of another Drosophila glia-specific homeodomain protein, 
REPO, has also been found to eliminate many glia (Camp- 
bell et al., 1994; Halter et al., 1995; Xiong and Montell, 
1995). In this minireview, we will summarize the insights 
into glial function that fly genetics have recently provided; 
the implications of the gem genetic switch for understand- 
ing how neural cell fate is controlled are discussed else- 
where (Anderson, 1995). 
Minireview 
Drosophilia Is an Excellent Model System 
for Studies of Glial Cell Function 
The Drosophila nervous system, like that of vertebrates, 
consists of a central nervous system (CNS) and a periph- 
eral nervous system (PNS), each containing neurons and 
glia that arise from multipotential neuroblasts. The Dro- 
sophila CNS consists of a brain and a segmented CNS. 
The segmented CNS is analogous to the vertebrate spinal 
cord, giving rise to the sensory and motor innervation of 
the Drosophila limbs and trunk. As in vertebrates, defined 
longitudinal and commissural axon pathways traverse the 
Drosophila segmented CNS. Each segment contains 
about 200 neurons and 50 glial cells (there are, in addition, 
a small number of midline glia that are developmentally 
and genetically distinct; these will not be considered fur- 
ther here). Many of these neurons and glia can be identi- 
fied by their characteristic locations, morphology, and 
gene expression patterns (Goodman and Doe, 1993). The 
genes embryonic lethal abnormal vision (elav) and repo 
are expressed by nearly all Drosophila neurons and glia, 
respectively, allowing immunohistochemical identification 
of these cell types in embryo whole mounts (Figure 2). 
But what functional similarities, if any, do Drosophila 
and mammalian glia share? Surprisingly, the morphology 
of CNS and PNS glia in both organisms is remarkably 
similar. PNS glia in Drosophila ensheathe peripheral ax- 
Figure 1. Glial Cells in the Human Brain Are Heterogeneous in Mor- 
phology 
Illustration of glial cells, stained with the Golgi method, found in the 
cerebral cortex of a 2-month-old human infant. A, B, C, and Dare glial 
cells of the molecular layer. E, F, G, and H are glial cells in the second 
and third cortical layers. I and J are glial cells with endfeet contacting 
blood vessels. V, blood vessel. Reproduced from Fiamon y Cajal 
(1909). 
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Figure 2. Effect of gem Mutation or Ectopic gem Expression on Glial 
Differentiation 
All glial cells have been stained in stage 15 embryos by immunostain- 
ing with an anti-REP0 antibody; the segmented CNS is in the plane 
of focus. Few glial cells are present in embryos with loss-of-function 
gem mutations, whereas most neural cells differentiate into glial cells 
when forced to ectopically overexpress gem. Adapted from Figures 4 
and 6 by Hosoya et al. (1995). 
ons, much as Schwann cells do (true myelination, how- 
ever, is a vertebrate adaptation). Like mammalian astro- 
cytes (see Figure l), CNS glia in Drosophila are highly 
process bearing and form a dense meshwork in the Dro- 
sophila brain (Buchanan and Benzer, 1993; see their Fig- 
ure 4 for a Golgi impregnation). They contact and en- 
sheathe most neuronal somata, axon hillocks, dendrites, 
synapses, and tracheoles (Goodman and Doe, 1993) and 
they help to form the blood-nerve barrier (Auld et al., 
1995). These developmental, morphological, and anatom- 
ical similarities suggest that Drosophila glia are likely to 
share many of the functions of mammalian glia. Unlike 
mammals, however, Drosophila allow a genetic approach 
to the analysis of glial function. 
Glial Cells Are Required for the Formation 
and Maintenance of Axon Pathways 
The mechanisms of growth cone guidance appear remark- 
ably similar in both insects and mammals (Dodd and Jes- 
sell, 1988; Goodman and Doe, 1993). In both animal 
groups, glial cells have been postulated to play a role in 
axon pathway formation by forming a scaffold that pro- 
motes axon extension and guides the growth cones of 
pioneer neurons (Jacobs and Goodman, 1989). Consis- 
tent with this possibility, gem was detected in a saturation 
screen for mutations that specifically affect the formation 
of axon pathways in the developing CNS of the Drosophila 
embryo. Surprisingly, however, CNS pioneer neurons in 
the gem mutant flies lacking glia extended their axons 
appropriately in the correct longitudinal direction, but seri- 
ous axonal pathway defects appeared at later stages of 
development (Hosoya et al., 1995; Jones et al., 1995). 
Both CNS axonal tracts and PNS motor nerves showed 
defasciculation and misroutings (Figure 3). The axonal 
pathway defects most likely reflect the loss of two different 
kinds of glial signals. Whereas the misrouted and defas- 
ciculated axons probably result from the loss of glial sig- 
nals that regulate axon pathway formation, some of the 
WILD TYPE GCM MUTATION 
Figure 3. Axon Pathways Are Defective When gem Is Mutated 
The axons have been visualized in stage 16 embryos by immunostain- 
ing with an anti-fasciculin II antibody: the segmented CNS and proxi- 
mal peripheral nerves are in the plane of focus. In wild-type flies, three 
continuous longitudinal bundles of axons are found bilaterally: the 
axons of the motor neurons bundle together as they exit the CNS to 
form the segmental and intersegmental nerve (arrows), which soon 
join together. In gem mutant flies, many axons have degenerated, are 
misrouted, or are defasciculated (arrows). Adapted from Figure 7 by 
Hosoya et al. (1995). 
degenerated axon segments probably result from loss of 
glial signals that maintain neuronal survival (see below). 
It is unlikely that these glial signals will be unique to Dro- 
sophila as mammalian glial cells have recently been found 
to regulate axonal fasciculation in culture (Winslow et al., 
1995). 
A further surprise came from the analysis of axon path- 
way formation in the PNS of the gem mutant flies. Pre- 
viously, in elegant experiments, Bastiani and Goodman 
(1986) had directly tested the effects of glial cells in motor 
neuron pathfinding in developing grasshoppers. Normally, 
as the axons of pioneer motor neurons exit into the periph- 
ery, they contact a glial cell called the segment boundary 
cell (SBC) that appears to divert them toward the interseg- 
mental peripheral nerve toward their normal dorsal muscle 
targets. When the SBC is ablated by a laser, the pioneer 
motor axons incorrectly extend posteriorly, and the inter- 
segmental nerve fails to form, suggesting that this glial 
cell plays a crucial role in motor axon pathfinding. In the 
gem mutants, however, although the SBCs fail to form, 
many, but not all, of the axons of the motor pioneers still 
exit the CNS in a relatively normal fashion (Hosoya et al., 
1995). Although these findings suggest that glial cells may 
not play as pivotal a role in the guidance of the early pio- 
neer axons as previously thought, since the glial cells lack- 
ing GCM are transformed into neurons, it is also possible 
that the presence of a neuron in the appropriate location 
is sufficient to guide the pioneer axons (for instance, see 
Goodman and Doe, 1993). In addition, because the fly is 
much smaller than the grasshopper, the requirement for 
a pioneer pathway may be less stringent. 
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Glial Cells Are Required for Neuronal 
Differentiation and Survival 
The phenotype of cells in multicellular organisms is con- 
trolled in part by cell intrinsic programs and in part by 
signals from neighboring cells; the extent to which the 
properties of neurons and glial cells are cell autonomous 
is not known. The gem mutant flies offered an opportunity 
to determine whether neurons differentiate normally in the 
absence of glial cells. To find out the answer, researchers 
examined the morphology of the accessible and easily 
identifiable peripheral sensory neuron known as the bipo- 
lar dendrite (BD) neuron. Normally, the BD neuron is 
closely associated with a glial support cell (Figure 4). In 
the mutant flies, this glial cell did not develop, and the BD 
neurons lacked their normally distinctive BDs, although 
their somata and axons were normal, suggesting that glial 
cells induce or maintain the dendrites of the BD neurons 
(Jones et al., 1995). Similarly, glial cells regulate the den- 
drite development of mammalian neurons in vitro. When 
sympathetic neurons are cultured in the absence of glial 
cells, they extend axons but not dendrites (Tropea et al., 
1988). The addition of glial cells induces them to develop 
dendrites. A soluble signal released by glial cells, osteo- 
genic protein 1 (OP-1, also referred to as bone morphoge- 
netic protein 7), mimics this effect (Lein et al., 1995). OP-1 
specifically promotes the differentiation but not the sur- 
vival of sympathetic neurons in culture. Together, these 
findings indicate that glial cells are probably necessary 
for the induction of dendrites by at least some types of 
neurons. 
Mammalian cells require signals from neighboring cells 
to survive; in culture, the survival of neurons is promoted 
by glia and vice versa (Raff et al., 1993). Despite the large 
number of in vitro studies demonstrating the neuronal sur- 
vival promoting effects of glial-derived peptide factors, 
there is still no direct evidence that the survival of neurons 
in vivo depends on glia. Several recently identified Dro- 
sophila mutations have provided the opportunity to explore 
this issue. In the CNS of late stage gem mutant embryos, 
the number of neurons decreases, the CNS begins to de- 
generate, and an unusually large number of macrophage- 
like cells appear, suggesting that neuronal cell death is 
increased (Jones et al., 1995). Glial cells fail to differentiate 
properly in the Drosophila mutant drop-dead; in these flies, 
neurons die and the brain degenerates (Buchanan and 
Benzer, 1993). When REPO, a glial-specific homeodo- 
main protein necessary for glial differentiation and survival 
in Drosophila, is mutated, many, but not all, glial cells 
die (Campbell et al., 1994; Halter et al., 1995; Xiong and 
Montell, 1995). Subsequently, many neurons also un- 
dergo apoptosis. As neurons degenerate in the absence 
of glia, it is likely that, at least in flies, glial cells provide 
signals necessary for neuronal survival. Conclusive proof 
awaits identification and genetic manipulation of these 
signals. 
Are Glial Cells as Heterogeneous as Neurons? 
One of the most striking results of Goodman’s and Hotta’s 
studies is that manipulations of gem expression mediate 
glial-neuronal transformations to a cell of the appropriate 
type for that lineage or position. For instance, the BD neu- 
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Figure 4. Dendrites Are Lacking on BD Neurons in gem Mutant Flies 
The BD neurons is associated with a bipolar glial cell in wild-type flies, 
When gem is mutated, this glial cell fails to develop, and instead two 
BD neurons lacking dendrites are formed. When gem is ectopically 
expressed in neurons, two bipolar glial cells are generated, but the 
ED neuron fails to develop. Adapted from Figure 7 by Jones et al. 
(1995). 
ron and its associated glial cell each has a characteristic 
morphology and antigenic phenotype. Surprisingly, when 
these glial cells lack functional GCM protein, they trans- 
form into typical BD neurons, whereas the GMC-over- 
expressing BD neurons transform into typical BD glia (Fig- 
ure 4). This finding implies that the glia and neurons of a 
given lineage share many aspects of their genetic specifi- 
cation. For instance, a common molecular mechanism 
may specify a cell’s identity based on positional cues and 
lineage, with a separate gem-dependent mechanism con- 
trolling only at a late stage whether a cell will be a neuron 
or a glial cell. If so, closely associated neurons and glia 
may be as much alike as they are different. Since glial 
cells are more resistant than neurons to injury, an exciting 
but highly speculative prospect is that once we understand 
how gem controls neural fate, it might be possible to trans- 
form some of the glia that survive injury into the missing 
neuron type. 
These findings also argue against a prevailing view that 
there is only a single type of astrocyte that is highly plastic, 
adapting its properties in response to local environmental 
cues. Rather, glial cells may be as heterogeneous as neu- 
rons, a suggestion originally raised by Ramon y Cajal 
(1909) who noted that the morphologies of Golgi impreg- 
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nated astrocytes were at least as diverse as those of neu- 
rons (see Figure 1). Consistent with this possibility, spe- 
cific subsets of Drosophila glia can be defined by a 
characteristic nuclear protein phenotype. Similarly, re- 
gional diversity of the properties of mammalian astrocytes 
is increasingly being recognized; for instance, dopamine 
receptors are only expressed by astrocytes cultured from 
the striatum but not from other brain regions (Hosli and 
Hosli, 1993). 
The Future 
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It is likely that Drosophila will provide a useful model sys- 
tem for many future studies of glial cell function. Studies 
of mutant Drosophila have allowed a direct examination 
of the developmental roles of glia in vivo. In the absence of 
glial cells, the Drosophila nervous system fails to develop 
normally and ultimately degenerates, establishing that 
glial cells play crucial roles in the formation and mainte- 
nance of axon pathways, neuron survival, and neuron dif- 
ferentiation. Unfortunately, the absence of glial cells is 
lethal early in development, preventing an examination of 
the role of glial cells in adult flies. 
The work of Goodman’s and Hotta’s groups raises sev- 
eral provocative questions. How doesgcm control whether 
a developing cell becomes a neuron or a glial cell? Does 
a mammalian homolog of gem exist? If so, does it function 
similarly, and can it be mutated so that researchers can 
investigate the role of mammalian glial cells in vivo? Most 
importantly, can mutant flies be engineered in which only 
a subset of glial cells is lacking, for instance, by creating 
gem mosaic flies, so that the function of adult glial cells 
can be studied? Whatever the answers, recent reports tell 
us clearly that it would matter if there were no glia. 
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